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Abstract
The SIS structure—a thin superconducting film on a bulk
superconductor separated by a thin insulating film—was
propsed as a method to protect alternative SRF materials
from flux penetration by enhancing the first critical field
Bc1. In this work, we show that in fact Bc1 = 0 for a SIS
structure. We calculate the superheating field Bsh, and we
show that it can be enhanced slightly using the SIS struc-
ture, but only for a small range of film thicknesses and only
if the film and the bulk are different materials. We also
show that using a multilayer instead of a single thick layer
is detrimental, as this decreases Bsh of the film. We calcu-
late the dissipation due to vortex penetration above theBsh
of the film, and find that it is unmanageable for SRF ap-
plications. However, we find that if a gradient in the phase
of the order parameter is introduced, SIS structures may be
able to shield large DC and low frequency fields. We argue
that the SIS structure is not beneficial for SRF cavities, but
due to recent experiments showing low-surface-resistance
performance above Bc1 in cavities made of superconduc-
tors with small coherence lengths, we argue that enhance-
ment of Bc1 is not necessary, and that bulk films of alter-
native materials show great promise.
INTRODUCTION
SRF researchers have begun a significant effort to de-
velop alternative materials to niobium, superconductors
that could offer higher accelerating gradients Eacc and/or
lower surface resistances Rs at a given temperature. There
are several promising candidates, but most of them suffer
from two potential liabilities. First, as shown in Table 1,
they have relatively small first critical fields Bc1, the mag-
netic field at which it becomes energetically favorable for a
vortex to be inside the superconductor. Second, they have
relatively small coherence lengths ξ. Vortex penetration is
prevented at fields significantly above Bc1 by an energy
barrier, but surface defects on the order of ξ can reduce
this barrier. These materials have ξ on the order of a few
nm, compared to tens of nm for niobium, making even very
small defects a potential vulnerability. As a result, there
has been significant concern in the SRF community over
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whether vortex dissipation will occur if these materials are
exposed to fields that bring them into the metastable state
between Bc1 and Bsh, the superheating field at which the
energy barrier is reduced to zero for an ideal surface.
Material λ [nm] ξ [nm] Bc1 [T] Bsh [T]
Nb 40 27 0.13 0.24
Nb3Sn 111 4.2 0.042 0.36
NbN 375 2.9 0.006 0.15
MgB2 185 4.9 0.017 0.19
Table 1: Material properties of niobium and three promis-
ing alternative SRF materials. The penetration depth λ is
calculated using Eqn 3.131 in [2]. The correlation length ξ
is calculated using the equations in [3]. For Nb a RRR of
100 was assumed. For MgB2, λ and ξ are not calculated,
as the experimental values are given in the reference. For
calculations, Bc = φ0/(2
√
2piξλ) is used, where φ0 is the
flux quantum [2]. Bc1 for Nb found from power law fit to
numerically computed data from [4] and for strongly type
II materials is found from Eqn 5.18 in [2]. Bsh for Nb is
found from [5] and for others calculated from Bc
√
20/6
(valid only for strongly type II materials near Tc) [6]. Nb
data from [7], Nb3Sn data from [4], NbN data from [8], and
MgB2 data from [9]. Note that the two gap nature of MgB2
may require more careful analysis than is performed here.
A. Gurevich proposed [1] a method to avoid the poten-
tially vulnerable metastable state altogether. Pointing to
the enhancement of parallel Bc1 in films with thickness d
smaller than the penetration depth λ, he suggested coating
a niobium cavity with alternating layers of insulator (I) and
thin film superconductor (S). With such a SIS structure, he
proposed it might be possible to take advantage of the high
Bsh and low Rs of the alternative superconductors used in
the thin films without the disadvantage of their small Bc1.
SRF researchers have been putting significant effort into
developing SIS multilayers, and they are producing excel-
lent work [10][11][12][13][14][15][16].
In this work, we will start by showing that in practice
there is no enhancement of Bc1 for SIS films—we will
show that in fact Bc1 is zero for such a structure. Next
we will study the superheating field of SIS structures and
show that for a homolaminate, Bsh is always lower than
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the bulk value, and for a heterolaminate, only a small in-
crease in Bsh is possible. Following this, we show that SIS
structures cannot be used above Bsh for SRF applications,
as the heating would be unmanageable. We then consider
SIS multilayer films for DC and at low frequencies, and
show that they may be effective in screening large fields by
setting up a gradient in the phase of the order parameter.
Finally, we consider the outlook for alternative materials
for SRF cavities and show that recent developments give
reason for strong optimism for bulk films.
NO BC1 ENHANCMENT
Tinkham [2] defines Bc1 as the field at which “the Gibbs
free energy [has] the same value whether the first vortex
is in or out of the sample.” For a SIS, the sample under
consideration should be the full structure [17]. Stejic et al.
[18] calculate the Gibbs free energy of a vortex in a thin
film superconductor immersed in a parallel external field.
They show that Bc1 of the film is enhanced relative to the
bulk value, according to
Bc1 =
2φ0
pid2
(
ln
d
ξ
+ γ
)
(1)
where φ0 is the flux quantum, γ = −0.07 and d << λ.
However, if a SIS structure is used to screen Nb SRF cavi-
ties, the geometry is quite different than that of an isolated
film. How does Stejic’s expression for Bc1 change when
the film is screening a bulk superconductor? In this case, it
will have a B-field gradient across it, which will affect the
free energy. We can use the same formalism as Stejic to
calculate the Gibbs free energy for this case, and use it to
find Bc1 and Bsh[19].
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Figure 1: Geometry of the structure under consideration.
The amplitudes of the magnetic field and the vector poten-
tial are plotted as a function of distance into the structure.
Consider a single layer SIS structure, as shown in Fig. 1.
A strongly type II superconducting film of thickness d, pen-
etration depth λf , and coherence length ξf is separated
from a bulk superconductor with with penetration depth λb
by an insulating film of thickness δ. The superconducting
film is screening the bulk from a parallel magnetic field
with amplitude B0. The screened field inside the bulk re-
gion has amplitude Bi. In our geometry, the x-axis is per-
pendicular to the film, pointing into it, with origin at the
interface with the exterior. The z-axis is aligned with the
magnetic field.
Stejic shows that the Gibbs free energy of a vortex in a
superconductor can be determined from the value of two
magnetic fields evaluated at the vortex location r0: the
Meissner-screened external field BM and the field gener-
ated by the vortex in the film BV .
G = φ0
µ0
(BV (r0)/2 +BM (r0)) (2)
BM can be found by minimizing the free energy in the
structure when no vortex is present. This procedure gives:
BM =
B0 +Bi
2
cosh xλf
cosh d2λf
− B0 −Bi
2
sinh xλf
sinh d2λf
(3)
where Bi is given by
Bi = B0
[
δ + λb
λf
sinh
d
λf
+ cosh
d
λf
]−1
(4)
Stejic gives a relatively simple expression forBV for the
case when d << λ, but this would restrict us to very thin
films. To study the full range of thicknesses, we turn to the
more general expression from Shmidt [20] (this expression
assumes r0 = (x0, 0)), which agrees with Stejic’s expres-
sion for very small films:
BV =
2φ0
λ2d
∞∑
n=1
∞∫
−∞
dk
2pi
eiky
sin(pinx/d) sin(pinx0/d)
k2 + (pinx0/d)2 + 1/λ2
(5)
We can check our procedure by choosing d >> λ, such
that the film behaves as a bulk supercondcutor. This calcu-
lation is shown in the top plot of Fig. 2. B = Bc1 when
the free energy outside the superconductor is equal to that
when a vortex is deep in the bulk. B = Bsh when the bar-
rier to flux penetration is reduced to zero (this plot is very
similar to the one from Bean and Livingston’s 1963 paper
[21]).
We can study a single thin film (not in a SIS structure)
by setting Bi = 0 in Eqn. 3. This calculation is shown in
the center plot of Fig. 2 (the free energy outside the film is
subracted from each of the plots for clarity). In this case,
there is no bulk, so the first location at which the free en-
ergy drops below the external value at high fields is in the
center of the film. This would be the stable position for
a single vortex above Bc1. Both Bc1 and Bsh are much
higher for the film than the bulk.
Finally, we plot the free energy of vortex in a single SIS
structure in the bottom plot of Fig. 2. In contrast to the pre-
vious case, only one side of the thin film is exposed to the
external magnetic field. The field at the other side is smaller
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Figure 2: Gibbs free energy at various fields for a single
vortex in (top) bulk Nb3Sn, (center) a 50 nm Nb3Sn thin
film, and (bottom) a SIS structure with a 50 nm Nb3Sn film
on a Nb3Sn bulk. Bc1 is the smallest field at which there is
a position inside the structure where the free energy for a
vortex is smaller than the value outside. Bsh is the field at
which the energy barrier to vortex penetration disappears.
The top and center plots show the Bc1 enhancement for
a thin film compared to a bulk. The bottom plot shows
that for a SIS structure Bc1 = 0. The expression for the
thin film Bc1 is not valid for the SIS structure because it
assumes that the first stable vortex position will be at the
center of the film. However, for the SIS structure, the first
stable vortex position occurs on the side of the film adjacent
to the insulating layer.
due to screening by film. Since BV = 0 at the edges of the
film, Eqn. 2 shows that the free energy in the insulating
layer is lower than the free energy outside. The film pro-
vides screening at any finite B0 below the second critical
field, so for B0 > 0, the energetically favorable configu-
ration is for flux to be trapped in the insulating layer. As
we explain below, this implies that in practice for the SIS
structure, Bc1 is zero.
Why is Eqn. 1 describing the enhancement of Bc1 in a
lone thin film not applicable for the SIS structure? This
expression assumes that the first stable vortex position will
occur in the center of the film. It predicts when the free
energy at the center of the film will dip below the value
of the free energy in the exterior. However, for the SIS
structure, the free energy at the insulator side of the film
will dip below the exterior value at fields much smaller than
this.
Fig. 2 shows that at moderate fields, when Bi is be-
lowBc1 of the bulk superconductor, there is no stable posi-
tion for a vortex in either the bulk or the film. In effect,
both superconductors are below their individual Bc1, so
it is not immediately obvious if Bc1 of the overall struc-
ture is important. Let us consider the implications of it be-
ing energetically favorable for a vortex to pass through the
film, and have its flux trapped in the insulating layer. Once
the flux is trapped in this way, it is non-dissipative under
RF fields (unlike a vortex, which has a normal conducting
core). However, as the vortex penetrates through the film
to the insulator, dissipation occurs due to drag, and later
we will show that this dissipation is too strong to be tol-
erable for SRF applications. Therefore it is the Bc1 of the
SIS structure that is important, not that of the individual su-
perconductors. Above Bc1, the structure is in a metastable
state: only the energy barrier of the film prevents quench-
inducing vortex penetration.
THE SUPERHEATING FIELD IN
MULTILAYERS
We have shown that the Bc1 of SIS structures is always
zero. However, they may still offer a significant advantage
over bulk films if they have a higher superheating field. In
Fig. 2, the barrier height is indicated for fields betweenBc1
andBsh. We can find the superheating field easily using the
same free energy calculations to find the field at which the
barrier is reduced to zero. In Fig. 3, the maximum applied
field at which both the film and the bulk are exposed to
fields below their respective Bsh is plotted as a function of
film thickness. Various materials and insulator thicknesses
are considered [22].
Consider the curve for the Nb3Sn/insulator/Nb3Sn struc-
ture. Calculations show that for a homolaminate like this
one—a homolaminate being a SIS structure in which the
film is the same material as the substrate—the film always
reaches its Bsh before the bulk, and the thinner the film,
the lower its Bsh. The highest Bsh occurs when the film is
so thick that it approximates a bulk superconductor. This
0 1 2 3 4
0
0.1
0.2
0.3
0.4
B
m
a
x
 [
T
]
d/
 
 
Nb
3
Sn/I/Nb
3
Sn, <<1 nm
Nb
3
Sn/I/Nb, <<1 nm
Nb
3
Sn/I/Nb, =10 nm
Nb
3
Sn/I/Nb, =30 nm
MgB
2
/I/Nb, <<1 nm
NbN/I/Nb, <<1 nm
Nb
3
Sn multilayer/Nb
Maximum gain for Nb3Sn/I/Nb 
compared to Nb3Sn bulk is ~12%
MgB2 and NbN have larger 
relative gains, but still 
smaller Bsh than Nb3Sn
Gain is significant only for relatively small range in d
To left of peak, 
Bmax limited by 
bulk Bsh
To right of peak, 
Bmax limited by 
film Bsh
Single-material SIS 
has smaller Bsh
than bulk for any d
Multilayer has smaller 
Bsh than single layer
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insulator thickness δ is shown for the Nb3Sn film, as is the
effect of splitting the film thickness d over 5 equally thick
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can be understood in terms of the forces on a vortex (which
can be derived from Eqn. 2), as shown in Fig. 4. BM , the
Meissner-screened external field, pushes the vortex into the
film due to the gradient in the field. The boundary condi-
tion imposed by BV , the magnetic field of the vortex, can
be satisfied by an image antivortex outside of the bound-
ary, which creates a force that pulls the vortex out of the
film [21]. Assuming that the insulating layers are very
thin (this is optimal, as will be shown later), then as Eqn
4 shows, if λb = λf , then the force due to BM is the same
no matter how thick the film is. However, there are two
image antivortices contributing to BV : one for the external
boundary, and one for the boundary at the insulating layer.
For a thin film, the image antivortex at the insulating layer
will have a significant attractive force, pulling the vortex
into the film. Since this is the only change in the forces on
the vortex as the film thickness changes, a homolaminate
will only have itsBsh decrease as the film becomes signifi-
cantly smaller than a bulk. Note that this same logic applies
no matter how many times the superconductor is divided—
a homolaminate SIS multilayer with many thin film layers
will still experience a reduced Bsh.
Meissner-screened external 
field (pushes vortex into SC)
Image 
antivortex 
(attracts 
vortex)
Bulk SCThin Film SCExterior Insulator
……
Image 
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Figure 4: Forces on a vortex in a homolaminate. As the film
is made thinner, the second image antivortex has a stronger
pull on the vortex, lowering the barrier to flux penetration.
Only one curve in Figure 3 is a homolaminate; the rest
are heterolaminates, in which the film material is different
than the bulk. For a very thin heterolaminate, the film does
not provide much screening for the bulk, andBi reaches the
bulk’s Bsh before the thin film barrier disappears. A very
thick film behaves as a bulk, and reaches that material’s
bulk Bsh while Bi is still relatively small. However, there
is a small range of film thicknesses where the film and the
bulk can simultaneously be close to their respectiveBsh. In
this case, the Bsh of the SIS structures is somewhat higher
than the bulk value of the film material, but the potential
gain in Bsh is relatively small, and the gain decreases as
the thickness of the insulating layer increases. The Bsh
gain can be explained with a rough argument invoking the
superfluid velocity vs:
vs =
h¯
m∗
(
∇φ− e
∗
h¯
A
)
(6)
where m∗ and e∗ are the effective cooper pair mass and
charge, A is the magnetic vector potential, and ∇φ is the
gradient in the phase of the order parameter. If the super-
conductor is in the Meissner state, ∇φ = 0 and the mag-
nitude of A can be approximated by A =
∫
Bdx, where
the integration starts deep in the bulk superconductor where
A = 0 and proceeds outwards. If the bulk superconductor
is a material with a relatively small λ, such as niobium,
then at the film A and therefore vs will be smaller than if
the bulk material were a large-λ material, such as the alter-
native materials under consideration. As a result, the super-
conductors in the SIS structure are relatively “unstressed,”
and can screen a larger external field. This same argument
explains why it is optimal for δ to be as small as possible—
this keeps A as small as possible. However, the gain in
Bsh cannot be multiplied by adding more films of the same
material. As with the homolaminate, BM (and the vector
potential) will be unchanged by splitting up the supercon-
ducting film into separate layers with thin insulators be-
tween them, but BV will have a stronger influence on the
vortex, pulling it into the film. This detrimental effect is
visible in the last line of Figure 3, showing the calculation
for a series of 5 Nb3Sn films, each with thickness d/5, on
a Nb bulk, with thin insulating films between the supercon-
ductors.
Note that for the material parameters used, which came
from experimental references, the theoretical superheating
fields of NbN and MgB2 are smaller than that of Nb. In this
study, calculations were not performed for the SS’ struc-
ture, a superconducting film deposited directly onto a dif-
ferent superconductor, without an insulating layer. The cal-
culation would be significantly more difficult, but such a
structure may offer a stronger performance improvement
for appropriate choices of the thickness of the film layer
and the superconducting materials.
DISSIPATION ABOVE BSH
Gurevich states [1] that “thin film coating significantly
decreases vortex dissipation at B0 > Bv ,” where Bv is the
vortex penetration field. This raises the question of whether
it might be possible to use a SIS structure above Bv , in a
regime in which vortices pass through the film each half
cycle, bringing trapped flux into and out of the insulating
region. Gurevich gives an expression for the power dissi-
pated per area:
P/A =
2ωd
piµ0λf
(λb + δ + d/2)Bv (B0 −Bv) (7)
where Bv ≈ Bsh. Consider a d = 50 nm Nb3Sn film in
a SIS structure with a Nb3Sn bulk and a very thin insu-
lator, exposed to a field B0 that is 1 mT higher than the
film’s Bsh. In this case, P/A ≈ 9 W/cm2. For a single
cell TESLA cavity, even this very small excess over Bsh
generates approximately 4 kW of heat, far too much to be
feasible for SRF applications.
SHIELDING IN DC
As Eqn. 7 shows, the power dissipated by vortex pene-
tration is proportional to frequency. For low frequency AC
and DC applications, vortex penetration could be tolerated.
In this case, SIS structures may offer a distinct advantage.
As Eqn. 6 shows, the superfluid velocity, a measure of the
“stress” in a superconductor, is reduced in a large A field
by a gradient in the phase of the order parameter∇φ. Even
though the A field at the film is tied to that of the bulk
(since the A field is continuous across the insulating gap),
the insulating gap does allow the opportunity to decouple
∇φ in the film from that in the bulk. This is accomplished
by passing vortex lines through the superconducting film,
which would incur large dissipation at high frequencies, but
is permissable at low frequencies. With several layers, and
an appropriate ∇φ maintained in each of them to compen-
sate for the A field, it should be possible to screen even
very large fields while maintaining a relatively small vs in
each of the layers, so that they remain in the Meissner state.
PERFORMANCE ABOVE BC1 IN BULK
FILMS
The primary motivation for trying to fabricate SIS struc-
tures was the promise of enhancing the Bc1 of low-ξ al-
ternative materials. It was suggested that above Bc1, dis-
sipation would occur due to vortex dissipation [1]. There
was some experimental data supporting this idea, as Nb3Sn
cavities coated by Wuppertal researchers showed increas-
ing surface resistance with field, an effect that onset near
theBc1 of Nb3Sn [24][25]. However, it was not clear if this
performance degradation was fundamental and potentially
related to vortex dissipation or if it was related to some
other loss mechanism that could be ameliorated.
This year, a Nb3Sn cavity was coated and tested at Cor-
nell. Vertical test data and fits to material parameters show
that the cavity clearly exceeds Bc1 without a signficant in-
crease in surface resistance [26][27]. The Bc1 value calcu-
lated from the material parameters was confirmed by µ-SR
measurements on a witness sample [28]. Furthermore, a
niobium cavity was prepared and tested at Cornell after re-
ceiving a furnace treatment that gave it a very small mean
free path. As a result, the niobium had a very small ξ, sim-
ilar to that of the alternative materials under consideration.
It too had a performance with minimal increase in surface
resistance, reaching fields significantly higher than the Bc1
value determined from fits to material parameters [29][30].
DISCUSSION AND CONCLUSIONS
In this paper, we have shown that contrary to sugges-
tions that SIS structures enhance Bc1, in fact they reduce it
to zero. In addition, it was shown that the Bsh of an SIS
structure is only marginally larger than the bulk value and
only for a small parameter space, and that using a multi-
layer only decreases Bsh of the film. It was also shown
that SIS structures exhibit unmanageable levels of heating
aboveBsh at high frequencies. Therefore, it seems that SIS
structures are not beneficial for SRF applications. How-
ever, they may be useful in DC and low frequency appli-
cations, where it should be possible to set up a gradient in
the phase of the order parameter in the thin films, allowing
them to screen very large fields.
Based on the results of this study, the authors of this pa-
per recommend that SRF researchers developing alterna-
tive materials concentrate their efforts on bulk films. Bulk
films are quite simple to fabricate compared to SIS films,
but they offer a similar ideal SRF performance. And al-
though we have shown that it is not possible to augment
Bc1 with SIS structures, there is still great promise for
alternative materials. Because of the recent experiments
showing that low-surface-resistance operation aboveBc1 is
possible with cavities made from short coherence lengths
superconductors, we now know that the potential of bulk
films has not yet been realized.
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